Abstract. The aim of the study was to determine the optimum timing of the first feeding of live and formulated feeds and its impact on the survival and growth of larval Atlantic sturgeon, Acipenser oxyrinchus Mitchill, reared in recirculating systems. The first experiment compared the rearing effects on larvae that were provided live feed (Artemia sp.) at first feeding on 6, 9, and 12 days post hatch (DPH). The timing of the first feeding with live feed had an impact on the specific growth rate, the final body weight, and the coefficient of body weight variation. The most advantageous rearing parameter values were noted in the group given their first feeding 9 DPH (P < 0.05). The second experiment compared the results of rearing larvae that were first given formulated feed on days 20, 25, and 30 post hatch. The highest specific growth rate and final body weight were obtained by the group of fish given their first feeding of formulated feed on day 20 post hatch (P < 0.05). The timing of the first feeding did not impact fish survival, which was above 76% (P > 0.05) in all groups. The results of the experiment indicate that the optimum timing of Atlantic sturgeon first feeding on live feed was nine DPH, and on formulated feed it was 20 DPH.
Introduction
The sturgeons comprise one of the oldest families of fish in the world (Kolman et al. 2008 ). Overfishing and the immense impact of human activity on the natural environment have led to as much as 85% of the natural populations of these fish being at risk of extinction (IUCN 2010) . One of the affected species is the Atlantic sturgeon, Acipenser oxyrinchus Mitchill, which is being restored to the Baltic Sea area (Kolman et al. 2011) . Currently, sturgeon culture is a dynamically developing branch of aquaculture that facilitates the production of caviar, meat, and stocking material (Bronzi et al. 2011) . One of the most difficult stages of sturgeon culture is the larval period, when high mortality is observed in some species (Bardi et al. 1998 , Gisbert et al. 2000 . This can stem from, inter alia, inappropriate water temperatures, egg and larva sizes, yolk sac resorption, and the initiation of larval feeding (Gisbert and Williot 1997 , Gisbert et al. 2000 , Hardy and Litvak 2004 , Ghelichi et al. 2010 , Boucher et al. 2014 . A particular problem is encountered with Atlantic sturgeon in the initial feeding period which often leads to massive losses (Mohler et al. 2000 , Kolman et al. 2011 , Szczepkowski et al. 2011 .
Potential causes of this phenomenon include inappropriate larval feeding procedures. Optimizing rearing techniques, including determining the appropriate timing of first feeding can have a significant impact on the growth of and survival of this demanding species. According to Gisbert and Wiliot (1997) , initiating feeding too early or too late does not produce any tangible benefits in the form of increased larval growth increments. A review of the available literature on larval behavior of and digestive system development in sturgeon species permits estimating the appropriate timing of first feeding (Gawlicka et al. 1995 ,¯ó³towska et al. 1999 , Gisbert and Ruban 2003 , Kamali et al. 2006 , Kolman 2006 , Sanz et al. 2011 . This is based on observations of larval behavior, including how the fish swim and school, the resorption of the yolk sac, or the moment the melanin plug is expelled (Gilbert et al. 1999 , Szczepkowski et al. 2000 . The aim of the study was to determine the optimum timing of initiating first feeding with live and formulated feeds and its impact on the survival and growth of larvae A. oxyrinchus reared in recirculating systems.
Materials and methods

Study site and origin of study material
The experiments were conducted at the Department of Sturgeon Fish Breeding (DSFB) in Pieczarki, Inland Fisheries Institute in Olsztyn. The study material originated from the wild Atlantic sturgeon population inhabiting the St. John River (Canada). Following artificial reproduction, the fertilized eggs were transported to the DSFB and incubated in McDonald jars. The study was conducted in two stages during which the optimum timing of the initiation of first feeding with live (experiment I) and formulated (experiment II) feeds were determined.
Experiment I -timing of first feeding of live feed
On the second day post hatch (2 DPH) 1,800 randomly selected larval Atlantic sturgeon were stocked into nine tanks with a working volume of 0.05 m 3 each in a recirculating system. The initial stocking density of each group was 200 individuals with a mean body weight of 0.007 ± 0.001 g and body length of 1.1 ± 0.1cm.
The duration of experiment I was 14 days. The fish were fed exclusively with freshly hatched Artemia sp. nauplii (Coppens Internationale, Holland) twice daily using a pipette with a volume of 10 ml. The daily live feed ration was 10% of the fish biomass calculated from cyst dry weight. The first feeding of the larvae in the different groups was on 6 (group T6), 9 (group T9) and 12 DPH (group T12). Each of the experimental variants were conducted in three replicates. Every morning unconsumed feed and dead individuals were cleared from the tanks. Larval behavior was observed to determine the moment the melanin plug was expelled and first feeding began.
Experiment II -timing of first feeding of formulated feed
The second experiment ran for four weeks. The study material was initially reared Atlantic sturgeon larvae aged 20 DPH with a mean body weight of 0.048 ± 0.001 g and body length of 2.1 ± 0.1 cm. The fish were reared in nine tanks in a recirculating system with a working volume of 0.05 m 3 , and the stock in each comprised 200 individuals. Three experimental groups were created in which formulated feed was introduced on 20 DPH (group F20), 25 DPH (group F25), and 30 DPH (group F30), respectively. Each experimental variant was conducted in three replicates. The larvae were reared using the commercially formulated feed Perla Larva Proactive 6.0 with a granule size of 0.1-0.3 mm, consisting of 62% protein and 11% lipids (Spa Hendrix, Italy).
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Additionally, each of the groups received freshly hatched Artemia sp. nauplii (Coppens Internationale, Holland) . For the first two days of feeding, the feed ration was 6% of the fish biomass, then it was increased to 10% of the fish biomass. The daily ration of live feed calculated as cyst dry weight was 10%, and this was reduced to 5% of the fish biomass in the second week of the experiment. In the last week of the experiment only formulated feed was given. Both live and formulated feeds were delivered four times daily. Every day unconsumed feed and dead individuals were cleared from the tanks.
Physicochemical parameters
During the experiment, physicochemical parameters were measured in outflow water. The oxygen content did not decrease below 10 mg O 2 dm -1 , and water pH was in the range of 6.9-7.1 (CyberScan 5500 meter, Eutech Instruments, USA). The average water temperature in experiment I was 20.7 ± 1.4°C, and in experiment II it was 22.0 ± 0.4°C. The content of total ammonia nitrogen (TAN) was determined with direct nesslerization and nitrite N-NO 2 was determined with sulfanil method (Hermanowicz et al. 1999 ) using a Carl Zeiss 11 spectrophotometer (Carl Zeiss Jena, Germany). The maximum ammonia nitrogen level at the outflow did not exceed 0.3 mg TAN dm -1 , and nitrite did not exceed 0.05 mg NO 2 dm -1 . During the experiments the water parameters were within optimum ranges for Atlantic sturgeon (Mohler 2003) .
Measurements and statistical analyses
At the end of each experiment, 15 individuals were collected from each of the experimental groups, and body weight (to the nearest 0.001 g) and total length (to the nearest 0.1 cm) measurements were taken. The total fish biomass in each tank was determined.
At the end of experiment II, the fish were sorted, and three size groups were created: slow, medium, and fast growth rates within body weight ranges, respectively, S < 0.2 g; M 0.2-0.3 g; F > 0.3 g.
The data collected was used to calculate the following rearing parameters: specific growth rate SGR (% d ); where: BW 1 -initial body weight (g), BW 2 -final body weight (g), BWbody weight (g), BW m -mean body weight (g), trearing time (days), Lt -total length (cm), SD -standard deviation, IB -initial fish biomass (g), FB -final fish biomass (g), IN -initial number of fish (indiv.), FN -final number of fish (indiv.), TFC -total feed consumption (g), TFP -total feed protein (g).
The results obtained in experiments I and II were analyzed separately. Statistical analysis was performed with Statistica 5.0 Pl (StatSoft Inc.). The homogeneity of variance was verified with Levene's test. The significance of differences among the mean values of rearing indexes in the analyzed groups was determined with one-way analysis of variance (ANOVA). If statistically significant differences were found, further analysis was conducted with Tukey's test at a level of significance of P < 0.05.
Results
Experiment I
The highest final body weight was obtained by the fish in group T9, while the lowest was in group T12 (P < 0.05). The specific growth rate (SGR) was also the highest in group T9 at 12.6 (% d -1 ) (P < 0.05; Table 1). The timing of first feeding with live feed was not found to impact fish condition, feed conversion ratio (FCR), or protein efficiency ratio (PER) (P > 0.05; Table 1 ). The fish in group T9 were characterized by the highest body weight variation, which was statistically significantly different from the other experimental groups (P < 0.05; Table 1 ). Fish survival in all groups was similar at the end of the experiment (Table 1) .
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Larval mortality in all groups was related to the timing of first feeding, and the highest increase in losses was noted approximately four days after its initiation (Fig. 1) . In groups T6 and T9, two periods of heightened mortality were recorded. The first was after food intake (10 DPH and 12 DPH, respectively). During this time, the weakest individuals that did not begin feeding and those with over-filled gastrointestinal tracts died. In group T6, dead fish included individuals that fed but in which melanin plugs had not yet been expelled (7-8 DPH). The second stage of heightened mortality was 17 DPH, when mainly weak and starving individuals died. On the same day, the highest losses occurred in group T12.
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Iwona Piotrowska et al. Figure 1 . Course of losses during the rearing of Atlantic sturgeon (A. oxyrinchus) larvae fed Artemia sp. nauplii on different days: 6 DPH (group T6), 9 DPH (group T9), 12 DPH (group T12) (mean values ± SD; N = 3).
Experiment II
The varied timing of first feeding with formulated feed effected final fish body weight. The individuals in group F20 obtained the highest mean body weight, which was statistically significantly higher than that in group F30 (P < 0.05; Table 2 ). The fish in group F20 also had a significantly higher specific growth rate (SGR) compared to those in group F30 (P < 0.05; Table 2 ). The most advantageous feed conversion ratio (FCR) values were noted in group F30 at 0.51 (P < 0.05; Table 2 ). The fish from this group also had better protein efficiency ratios in comparison to the fish in group F20, and the difference between these groups was significant (P < 0.05; Table 2 ). The timing of first feeding with formulated feed did not impact final fish body length, the condition coefficient (K), or the coefficient of body weight variation (CV) (P > 0.05; Table 2 ). At the conclusion of the experiment, the survival of larval Atlantic sturgeon was similar in all experimental groups (Table 2) . Increased losses in all analyzed groups were noted from 33 DPH, i.e., after the Artemia sp. nauplii ration was reduced. The highest losses were noted after live feed was totally excluded from the diets (44-45 DPH). The course of losses in the various groups differed. In groups F20 and F25, mortality was distributed over time, while in group F30 it proceeded more rapidly (Fig. 2) . Smaller fish that did not feed and had clearly injured tails predominated. The share of such individuals at the end of the experiment in groups F20, F25, and F30 was 4.2, 3.8 and 2.3%, respectively.
On the concluding day of the experiment the most individuals with fast growth rates were noted in group F20, and the least were in group F30. The share of such individuals in the overall number of sturgeon fry was 36.2% (group F20), 27.0% (group F25), 21.8% (group F30).
Discussion
The timing of first feeding is important for rearing strategies. If provided too soon, unconsumed feed can cause deteriorating environmental and sanitary conditions during rearing, while delaying first feeding can lead to a reduction in the efficiency the fish searching for and assimilating food, which result in reduced rates of growth and survival (Ghelichi et al. 2010) .
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Atlantic sturgeon larvae exhibit behaviors that are typical for other sturgeon species Williot 1997, Kynard et al. 2002a ). Immediately after being placed in rearing tanks, they swim actively throughout the entire water column and then school, and from 6 DPH they disperse across the bottom surface of the tanks. This behavior appears just before the start of exogenous feeding (Kolman 2006 , Szczepkowski et al. 2007 . At this stage of rearing, the larvae expel their melanin plugs, which fill the spiral end of the gastrointestinal tract (Kolman et al. 2008) . In sturgeons, inter alia the White sturgeon, Acipenser transmontanus Richardson, the assumption is that the beginning of exogenous feeding coincides with the expulsion of the melanin plug (Gawlicka et al. 1995) , and Ostos-Garrido et al. (2009) also report that larval Adriatic sturgeon, Acipenser naccarii Bonaparte expelled melanin plugs after the first feeding. However, according to Dettlaff et al. (1993) , the first feeding should be initiated when 2-3% of the larvae have expelled their melanin plugs. Ostaszewska et al. (2011) also followed this guideline to determine the timing of the first feeding of larval Atlantic sturgeon. When melanin plugs are expelled depends largely on water temperature: at water temperatures of 22°C, this occurred as early as 6 DPH (Szczepkowski et al., 2007) , while at water temperatures of 17-19°C it happened on 9-10 DPH (Kolman et al. 2008 , Szczepkowska et al. 2010 , Szczepkowski et al. 2010 , Piotrowska et al. 2013 ). In our experiment, the first melanin plugs were expelled in group T6 the day after the first feeding. This could indicate that the introduction of food stimulates the larvae to shift from endogenous to exogenous feeding. Chebanov and Galich (2011) report that in Huso huso (L.) and Huso dauricus (Georgi) if first feeding is initiated too soon the result can be larval death. This was also confirmed by our observations, because in the larval group in which first feeding was initiated the earliest we noted some dead individuals that had full digestive tracts and melanin plugs that had not been expelled. These individuals accounted for 3.3% of all the dead fish in this group, while in the other groups such losses were not noted. In turn, Chai et al. (2011) suggest that feeding larval Chinese sturgeon, Acipenser sinensis Gray, during endogenous nutrition facilitated acquainting the fish with new flavors and aromas, which significantly increased their chances of survival. Thus, one can assume that the 116 Iwona Piotrowska et al. timing and method of first feeding initiation is specific to different species. It should also be noted that the timing of first feeding should be correlated with the beginning of exogenous feeding in most of the larvae. Some authors contend that first feeding should happen when 30-50% of larvae have resorbed yolk sacs (Gawlicka et al. 2000) . Chai et al. (2014) observed that among larval Chinese sturgeon, which received food immediately after endogenous feed reserves were depleted, only 7.7% had full digestive tracts. In contrast, in groups in which first feeding was initiated later, the number of foraging larvae increased to 73.3%, which resulted in these larvae achieving greater weight gains and higher survival rates. According to these authors' research findings, first feeding is best initiated 2-3 days after the larvae begin exogenous feeding, because by then the efficiency of the digestive system and the ability to search for food have both improved. In our experiment we also observed that larvae fed with a three-day delay (9 DPH) obtained higher body weights.
In practice, however, determining exactly the timing of first feeding is difficult, because the period of yolk sac resorption varies widely in individual larvae, which is most probably related to the size of the larvae, and, thus, yolk sac size. Gisbert et al. (2000) reports that the larger the yolk sac is, the longer larvae use these reserves, which, in turn, can mean that the start of exogenous feeding extends over time. Kolman et al. (2008) report that Atlantic sturgeon larvae resorb yolk sacs in 8-12 days depending on water temperature. In our experiment, we also observed that larvae used endogenous reserves at different rates. A similar difficulty is posed by timing first feeding based on observations of melanin plug expulsion, because this process can take about 3-4 days (Chebanov and Galich 2011) . It can also be assumed that the timing of first feeding on different days could affect the rate of yolk sac resorption stimulating larvae to shift more quickly to exogenous feeding (Chebanov and Galich 2011) .
Fish mortality occurred mainly between 10 and 17 DPH, which was similar to that observed in previous Atlantic sturgeon rearing (Szczepkowska et al. 2009 , Piotrowska et al. 2010 . This course of mortality has also been observed in other sturgeon species (Gawlicka et al. 1995 , Kynard et al. 2002a . It should also be noted that mortality concerned larvae that had not fed and those that had fed copiously. Gisbert and Williot (1997) report that 70-75% of dead Acipenser baerii Brandt larvae had food in their stomachs. Mortality in larvae with very full digestive tracts is characteristic for the Atlantic sturgeon and could stem from them being unable to digest the large quantities of Artemia sp. nauplii in their gastrointestinal tracts (Piotrowska et al. 2010) . At this stage of development, most sturgeon already have established, functioning digestive systems (Gawlicka et al. 1995, Gisbert and Doroshov 2003) , even if digestive enzyme activity is relatively low (¯ó³tkowska et al. 1999 (¯ó³tkowska et al. , Asgari et al. 2014 . Additionally, food exposure time to the enzymes is very short because of the length of the larval intestinal tract, which is several times shorter than that in fry (Govoni 1986) .
Equally important to the timing of first feeding is the possibility of using formulated feeds. The use of live feed in traditional sturgeon rearing is estimated to account for more than 50% of total costs (Salehi 2006) , which is why replacing live feed with formulated feed can reduce costs significantly. Some sturgeon species, e.g., the Siberian sturgeon, can consume formulated feed immediately after endogenous feeding ends Williot 1997, Napora-Rutkowski et al. 2009 ). In turn, Persian sturgeon, Acipenser persicus Borodin shifted from live to formulated feed between 19-24 DPH (Babaei et al. 2011) . The Atlantic sturgeon is a species that has difficulty adapting to formulated feed. According to Mohler (2003) , this species effectively transitioned to formulated feed after it had reached a body weight of 180 mg and a body length of 34.5 mm. In our experiment, we observed that the lowest body weight at which Atlantic sturgeon larvae shifted to formulated feed was 151 mg at a body length of 33.1 mm. Effective digestion of starter feeds in the initial period, however, requires active enzymes, and live feed is the source of these exogenous enzymes (Cahu and Assessment of the impact of the timing of first feeding with live and formulated feeds on the survival... 117 Zambonino-Infante 2001). Atlantic sturgeon digestive system cells and secretory glands are still forming in the third week after hatching, and some authors recommend the administration of a live feed from 10 to 30-35 DPH (19°C) (Ostaszewska et al. 2011 ). In our experiment, live food was administered until 40 DPH, and formulated feed was introduced from 20 to 30 DPH. Larvae that received formulated feed the earliest adapted to it faster, which was indicated by the level of losses in the experimental groups after the elimination of live feed. Klassen and Peake (2008) observed that among larval lake sturgeon, Acipenser fulvescens Raf. there was a group of fish that did not adapt to the change of feed, and this led to mortality. Chebanov et al. (2011) state that the shift from one feed to another should be gradual and that it can last up to 14 days. Our study indicates that the longer period of supplying mixed feed had a positive effect on the growth of the fish, but it did not affect their survival.
In comparison to the growth of other sturgeon species, that of Atlantic sturgeon fry is slower (Szczepkowski et al. 2004) . The SGR results obtained in the current study were similar to those of other authors (Mohler et al. 2000 , Szczepkowska et al. 2010 . Fish with different growth rates were observed in all the experimental groups, and especially after formulated feed was introduced. In the group fed formulated feed the earliest, the share of fast growing individuals was the highest (36.2%), which indicates that the larvae adapted to formulated feed more quickly. Size differences, however, have a negative effect on fish rearing. According to observations by Kynard and Horgan (2002b) of larval Atlantic sturgeon and shortnose sturgeon, Acipenser brevirostrum Lesueur, larger individuals attacked smaller ones and assumed the most favorable positions with regard to feed availability. Larger individuals were also more mobile, thanks to which they were able to consume feed faster. In our experiment, the dead individuals from all experimental groups had injured tails, which indicated cannibalistic behavior in individuals that grew rapidly. The fastest growing individuals were noted in the group that received formulated feed the earliest, while the least were in the group in which formulated feed was introduced the last at 2.3-4.2%, respectively. Gisbert et al. (2000) noted a similar level of losses during A. baerii rearing.
Fish size differences and the large number of individuals with slow growth rates influenced feed utilization efficiency. According to Kolman et al. (2008) , compared to other sturgeon species, larval Atlantic sturgeon feed utilization efficiency is relatively low. Even after the fish shifted to formulated feed, the FCR value was 1.2-1.3. In our experiment, the FCR value range was 0.51-0.62, which was much more favorable and comparable with the results obtained by Mohler et al. (2000) .
The results of the present study indicated that the best strategy for rearing larval Atlantic sturgeon was to initiate first feeding with a delay so that the fish could acclimate to the new feed. The results obtained permit concluding that the optimum moment for first feeding with live feed was 9 DPH and with formulated feed 20 DPH.
